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Near-field optical microscopes with two independent tips for simultaneous excitation and de-
tection can be essential tools for studying localized optical phenomena on the subwavelength
scale. Here we report on the implementation of a fully automated and robust dual-tip scan-
ning near-field optical microscope (SNOM), in which the excitation tip is stationary while
the detection tip automatically scans the surrounding area. To monitor and control the
distance between the two probes, mechanical interactions due to shear forces are used. We
experimentally investigate suitable scan parameters and find that the automated dual-tip
SNOM can operate stably for a wide range of parameters. To demonstrate the potential of
the automated dual-tip SNOM, we characterize the propagation of surface plasmon polari-
tons on a gold film for visible and near-infrared wavelengths. The good agreement of the
measurements with numerical simulations verifies the capability of the dual-tip SNOM for
the near-field characterization of localized optical phenomena.
PACS numbers: 68.37.Uv, 07.79.Fc
Keywords: Near-field optical microscopy, scanning probe microscopy, surface plasmon po-
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I. INTRODUCTION
Scanning near-field optical microscopy (SNOM) is
an invaluable tool to investigate optical phenomena
within the near-field region of nano-photonic struc-
tures. Since its first realization,1,2 SNOM has been
a measurement tool in various research areas such
as plasmonics3,4, photonic crystals5–7, surface-enhanced
Raman spectroscopy8,9 and photovoltaics10,11. The tip
a)Electronic mail: najmeh.abbasirad@uni-jena.de
in a conventional aperture SNOM often serves for either
near-field excitation or detection, which can be more lo-
calized than allowed by the diffraction limit. However,
in the case of a near-field excitation by the SNOM tip,
the measurement involves a diffraction limited detection
in the far field, which cannot achieve a spatial resolution
below the diffraction limit. Similarly, when the SNOM
tip is utilized for near-field detection, the far-field ex-
citation is diffraction limited. A dual-tip SNOM which
uses two independent aperture tips can enable simultane-
ous excitation and detection below the diffraction limit,
where the tips can be positioned precisely with respect
to each other. Such a capability in spatial positioning of
a point-like emitter and detector allows mapping of the
Green’s function for any photonic structure.
Dual-tip scanning probe microscopes (SPMs), such as
scanning tunneling microscope and atomic force micro-
scope (AFM), have been already established as indis-
pensable instruments for nano material characterization
and manipulation12,13. Although a single-tip SNOM has
been utilized in combination with other scanning tip mi-
croscopes, e.g. atomic force and scanning electron mi-
croscope (SEM)14, only a few works regarding dual-tip
SNOM measurements have been reported, all of which
were performed within the visible spectrum15–19. In these
works scanning the whole area around the excitation tip
was not feasible due to the collision of the tips. Therefore,
the scan area was either chosen sufficiently far from the
excitation tip16 or the detection tip was stopped manu-
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ally to avoid the collision18.
Due to the growing interest in tailoring light by means
of plasmonic or dielectric metasurfaces20,21, the avail-
ability of a reliable instrument to investigate the local-
ized optical response within the near-field region becomes
paramount. Moreover, the distinguished capability of
the automated dual-tip SNOM in near-field excitation
and detection would provide new possibilities for the in-
vestigation of the localized near-field response, e.g. for
disordered photonic systems22,23 where the response sen-
sitively depends on both the exact position of the exci-
tation and the exact position of the detector. In an ideal
dual-tip SNOM, the excitation tip is stationary while
the detection tip automatically scans the whole area sur-
rounding the excitation tip to detect the accessible near-
field information. Since there is a desire to detect the
near-field optical response in close proximity of the ex-
citation point, the main challenge in the realization of
the dual-tip SNOM is a reliable and robust technique to
prevent the collision and damage of the excitation and
detection tips when they are close to each other. It has
been demonstrated that mechanical interaction between
two oscillating tips can serve as a reliable indicator of
the distance between the two tips24. Such mechanical
interaction is induced by shear forces between the tips
and leads to a perturbation of the oscillation of one tip
by the oscillating motion of the other tip. The induced
change in the mechanical response of the tips is detected
and used to monitor their distance. In the first demon-
stration of collision avoidance in a dual-tip SNOM the
authors used two tips oscillating parallel to the sample
plane with identical resonance frequencies.25–27This ex-
tra oscillation is orthogonal to the direction of the detec-
tion tip’s resonant oscillation but in the same plane, to
allow frequency demodulation by a heterodyne technique.
However, the extra oscillation amplitude gives rise to an
additional motion, which in turn limits the image resolu-
tion. Moreover, the low-frequency demodulation is more
susceptible to the electronic and vibrational noises of the
system, which then negatively effects the distance control
between the two tips, and hence the overall scanning sta-
bility. In our work, we demonstrate an automated dual-
tip SNOM technique, which resolves these shortcomings.
We use two tips oscillating perpendicular to the sample
plane, with two different resonance frequencies, eliminat-
ing the need for the extra in-plane oscillation and its
detrimental effect on the scanning resolution. Moreover,
to implement our distance detection scheme we use the
high resonance frequency of one tip’s oscillation to de-
modulate the signal coming from the other tip when they
mechanically interact. This leads to an increased signal-
to-noise ratio (SNR) in the measurements, resulting in
a stable distance control between the two tips. Addi-
tionally, we use a fully digital controller to improve the
overall SNR of the system. The controller simultaneously
controls the two tip electronics and immediately converts
analog signals to digital signals, carrying out all the anal-
ysis in the digital domain, which significantly lowers the
noise of the system.
This paper presents the implementation of this fully
automated dual-tip SNOM and experimentally verifies its
performance. Furthermore, to demonstrate the potential
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FIG. 1. Scheme of the tips and scan configuration of the dual-
tip SNOM. Red arrowed lines demonstrate the single direction
of the scan in the automated dual-probe SNOM setup. The
lines vary in length due to the presence of the excitation tip.
of the dual-tip SNOM, we have measured the near fields
of surface plasmon polaritons (SPPs) propagating on a
rough gold film at visible and, for the first time, at near-
infrared excitation wavelengths.
II. IMPLEMENTATION OF THE FULLY AUTOMATED
DUAL-TIP SNOM
To realize a robust automated dual-tip SNOM, we
have integrated two SNOM heads (MV-4000, Nanonics
Imaging Ltd) with a fully digital SPM controller (R9,
RHK Technology, Troy, Michigan, USA). In the dual-tip
SNOM measurements we have used commercially fabri-
cated aperture tips (Nanonics Imaging Ltd), which are
tapered-end optical fibers with a 200-300 nm thick metal
coating. The aperture tips are tilted by a 30-degrees an-
gle with respect to the sample normal to allow the com-
bination of the two tips as shown schematically in Fig.
1. Each cantilevered aperture tip, attached to a tuning
fork, is mounted on the SNOM head. The SNOM heads
consist of a stepper motor for coarse adjustment of the
tip position on the sample and a piezoelectric scanner
for the fine movement and adjustment of the tip height
over the sample during the scan. Fig. 1 schematically
presents our dual-tip SNOM configuration in which the
excitation tip is stationary while the detection tip raster
scans the surrounding area of the excitation tip. The
red-arrowed lines demonstrate a single scan direction in
automated dual-tip SNOM. The scan lines along the fast
axis become shorter due to the presence of the excita-
tion tip and the geometrical shape of the two tips. Thus,
there is a parabolic region that is not accessible due to
the excitation tip and is excluded from the scan area.
Both tips of our dual-tip SNOM, connected to the tun-
ing forks, operate in a tapping mode, where they oscil-
late vertically. To induce the oscillation, the piezoelectric
tuning forks are driven by sinusoidal voltages at their fun-
damental resonance frequencies. The induced mechanical
oscillation leads to oscillating charges which are measured
as an electric current. The transimpedance amplifier con-
verts the current to a voltage which is digitized by the
controller before being demodulated by an internally in-
tegrated lock-in amplifier. Throughout the paper, we
refer to the amplitude of this voltage as the oscillation
amplitude, which describes the strength of each tips’ os-
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FIG. 2. Scheme of the control electronics of the automated dual-tip SNOM. The signal from the detection tip is associated
with green color and red color is linked to the signal from the excitation tip. Dashed lines represent purely digital signals.
cillation. The excitation tip oscillates at the resonance
frequency fe, whereas the detection tip oscillates with
fd. Different to the automatic dual-tip SNOM imple-
mentation reported earlier26, our instrument uses tun-
ing forks with two different resonance frequencies for the
excitation and detection tips. These resonance frequen-
cies are the fundamental resonance frequency of each tip
which could vary between 30-40 kHz. In order to en-
able discrimination between signals coming from the two
tips, the difference between the two resonance frequen-
cies should be larger than the frequency resolution of the
used lock-in amplifier. In our measurements, the dif-
ference between the resonance frequencies of the tips is
usually about 3-5 kHz. In the tapping mode, the exten-
sion of the tip oscillation is large compared to the range
of effective forces originating from the sample surface28,
however, the interaction with the sample perturbs the
motion of the tips. This perturbation of the mechani-
cal motion is again transformed to an electrical signal
by the tuning forks and monitored by dedicated lock-
in amplifiers which are locked to fe and fd, as shown
schematically in Fig. 2. The Z feedback controls the tip
approach to the sample and regulates the tip-sample dis-
tance during the scan. A field-programmable gate array
(FPGA) processes simultaneously the digital data from
different components inside the controller to improve the
response time of the system when the two tips interact.
Fig. 2 illustrates the schematic of the automated dual-tip
SNOM and its electronics. In order to detect mechani-
cal interaction between the tips induced by shear-forces,
another lock-in amplifier is required, which demodulates
the oscillation signal of the detection tip at the resonance
frequency of the excitation tip. The output of this lock-
in amplifier is called crosstalk signal. For well separated
tips, no mechanical interaction takes place. The detec-
tion tip oscillates only with the frequency fd and the
crosstalk signal is at the noise level of the electronic sys-
tem which we refer to as a base crosstalk signal. When
the detection tip approaches the excitation tip during the
scan, the two tips interact and mechanically couple due
to the shear-forces. Now the response of the detection tip
will contain signals with the resonance frequency of the
oscillation of the excitation tip and the crosstalk signal
significantly increases. Hence, the crosstalk signal can be
employed as a reliable proximity indicator of the tips.
To automatically implement the collision prevention
scheme, we have developed a dual-tip detection function
in the software of the controller. A predefined threshold
value for the crosstalk signal, called avoidance threshold,
should be set by the user in this function. While scan-
ning, the detection tip moves on a line along the fast
axis (see Fig. 1), approaching the excitation tip. Once
the crosstalk signal reaches the avoidance threshold, the
detection tip stops scanning, sweeps back and contin-
ues scanning the next line. By repeating this procedure
for each scan line, the image of the whole scan area is
mapped and the avoidance area builds up as a parabolic
region within the scan area. It is worth mentioning that
the well-defined parabolic region is an indication of the
stability of our distance control scheme. The thickness of
the coatings of the tips and the aperture diameter deter-
mine the size of the tip apex. Therefore, the minimum
distance between the centers of two apertures is usually
between 0.5-1 µm. This implies, that the optical signal
can only be mapped by the detection tip at distances that
are larger than this minimum distance from the point of
excitation.
III. STABILITY EVALUATION OF THE DUAL-TIP
SNOM
To evaluate the stability of the dual-tip SNOM mea-
surement we first performed topography measurements
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on a flat sample. To this end, we used a silicon wafer with
an almost defect-free surface. Therefore, any significant
variation in the measured height can be attributed to
instabilities of the automated dual-tip SNOM. We evalu-
ated the stability of the automated dual-tip measurement
for two measurement parameters, the oscillation ampli-
tude of the excitation tip at its resonance frequency and
the avoidance threshold value. We restricted our analy-
sis to these two parameters, as they are specific to the
dual-tip SNOM measurement.
The influence of the parameters for single-tip SNOM
measurements such as the oscillation amplitude of the
moving detection tip or the settings of lock-in amplifiers
and feedback loops were optimized in our system and
kept constant during all measurements reported here.
The amplitude of the detection tip was adapted to the
sample characteristics to avoid tip or sample damage. In
our case, we chose an oscillation amplitude equivalent to
280 mV. The excitation tip is stationary and does not
scan the sample. Hence, there is more freedom to choose
among different oscillation amplitudes. The resonance
frequency of the excitation tip was fe = 34.96 kHz and
the detection tip fd = 40.12 kHz.
To investigate the effect of the oscillation amplitude of
the excitation tip on the measurement’s stability, we map
the topography of 10x10 µm2 of the flat Si surface for
different values of this parameter. We have selected a
maximal oscillation amplitude of 840 mV for the exci-
tation tip, which ensures that tip and sample are not
damaged. Furthermore, in this set of measurements we
have fixed the avoidance threshold value. Changing the
oscillation amplitude of the tips affects the base crosstalk
signal appearing from an intrinsic electronic noise even
when the two tips are far separated. We have chosen
the avoidance threshold based on the maximal oscillation
amplitude of the excitation tip at 840 mV. In this case,
the measured base crosstalk signal was 280 µV. There-
fore, the avoidance threshold was set to 300 µV, 20 µV
larger than the base crosstalk signal. For any value of
the avoidance threshold between 280-300 µV the detec-
tion tip does not move because the crosstalk signal meet
the avoidance threshold due to an intrinsic noise of the
system. To study the effect of the amplitude of the exci-
tation tip, we performed dual-tip SNOM measurements
between 840 mV of oscillation amplitude and the mini-
mum value of 120 mV at which the measurement is not
stable anymore due to the tips frequent collision. The
results of these measurements are summarized in Fig. 3.
The raw data of the topography measurement when the
oscillation amplitude of the excitation tip was 600 mV
and 840 mV are demonstrated in Fig. 3(a) and (b), re-
spectively. The measurement shown in Fig. 3(a) was sta-
ble. The linear increase in the height is associated with
the tilt of the scanner plane with respect to the sample.
On the other hand, Fig. 3(b) indicate an unstable mea-
surement, where the instabilities show up as an artifact
in the raw data of the height.
The crosstalk signal is always recorded simultaneously
along with the topography line data. We selected three
topography lines in Fig. 3(a) to plot the corresponding
corsstalk signals. In Fig. 3(c) the respective crosstalk
signal of a selected topography line is denoted by the
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FIG. 3. (a) Raw height data of a silicon wafer measured with
scanning detection tip when the oscillation amplitude of the
excitation tip is 600 mV, (b) 840 mV. The white parabolic
region is the avoidance area. (c) Crosstalk signals correspond-
ing to the three topography lines denoted as colored dotted
lines in (a). (d) Base crosstalk signal as a function of the
oscillation amplitude of the excitation tip. (e) Standard devi-
ation (SD) of the height as a function of different oscillation
amplitudes of the excitation tip while the oscillation ampli-
tude of the scanning detection tip is equivalent to 280 mV
in all topography measurements. The standard deviation of
the height was calculated for the corrected height in the same
area between the white dashed lines in (a). The inset shows
the zoomed in region of the data for the oscillation amplitudes
of the excitation tip between 215-840 mV.
same color. The crosstalk signal slowly increases as the
two tips approach each other, which is due to the weak
mechanical coupling. The sudden rise in the crosstalk
signal only occurs when the two tips are within the ef-
fective range of the shear forces. Therefore, the crosstalk
signal exceeds the avoidance threshold. The last topog-
raphy data in each line is obtained at the pixel in which
the crosstalk signal exceeds the threshold value.
As a cumulative measure for the scan stability we calcu-
late the standard deviation of the corrected height in the
area marked by the dashed lines in Fig. 3(a). To obtain
the corrected height the measured raw data was corrected
for a tilt of the scanner plane with respect to the sam-
ple as well as the scanner bow by subtracting a fitted
paraboloid. The standard deviation σ of the corrected
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FIG. 4. Standard deviation of the height calculated for the
topography measurements data at different avoidance thresh-
olds, where the oscillation amplitude of the excitaion and de-
tection tips are kept fixed to 600 mV and 280 mV, respec-
tively.
height is calculated by the following formula,
σ =
√∑M
x=1
∑N
y=1 (h(x, y)− h)
2
MN
. (1)
Here, h is the corrected height and h the average cor-
rected height. M and N are the number of pixels along
the width and length of the area within the dashed lines
in Fig. 3(a). The base crosstalk signal and the standard
deviation of the height as a function of the oscillation
amplitude of the excitation tip are depicted in Fig. 3 (d)
and (e), respectively. The large value of the standard de-
viation of the height at an amplitude of 120 mV is due to
the fact that here the base crosstalk signal is only 35 µV,
which is much smaller than the avoidance threshold value
of 300 µV. Hence, before the crosstalk signal meets the
avoidance threshold, the two tips often collide during the
scan and lose contact with the sample. When the os-
cillation amplitude of the excitation tip is equivalent to
840 mV, there is another effect that leads to the artifact
visible as lines in the topography measurement, which is
observed in Fig. 3(b). In this case, due to the small differ-
ence, the crosstalk signal reaches the avoidance threshold
fictitiously due to inherent noise of the electronics, not
actual closeness and interaction between the tips. As a
result, the detection tip aborts the scanning of the cur-
rent scan line before reaching the effective shear-forces
region. The inset of Fig. 3(e) shows a zoom in of the
standard deviation for the oscillation amplitudes of the
excitation tip between 215-840 mV. Apart from the os-
cillation amplitude of 840 mV, in this parameter range
we have not observed any instability during the dual-tip
SNOM topography measurements. We assume that the
small differences in the standard deviation of the height
are due to fluctuations in the feedback loop during the
measurements. We conclude that the measurements are
robust for a wide range of oscillation amplitudes of the
excitation tip. So far we have demonstrated that chang-
ing the oscillation amplitude of the excitation tip leads
to different base crosstalk signals and its difference from
the avoidance threshold determines the robustness of the
system. In another set of measurements to test the stabil-
ity of our system, we kept the base crosstalk signal con-
stant and the avoidance threshold was varied. For these
measurements, we selected the oscillation amplitude of
600 mV for the excitation tip and, as before, 280 mV for
the detection tip to ensure robust dual-tip SNOM mea-
surements. These values of the oscillation amplitudes of
the excitation and detection tips lead to a base crosstalk
signal of 205 µV as was shown in Fig. 3(d). To avoid arti-
facts due to a small difference between the base crosstalk
signal and the avoidance threshold, the minimal avoid-
ance threshold was set to 300 µV. For avoidance thresh-
old larger than 700 µV the crosstalk signal reaches the
value of the avoidance threshold only after the collision
of the tips. Such collisions lead to the tips losing their
contact with the sample and ceasing the scanning which
is not desirable. In Fig. 4, we have plotted the stan-
dard deviation of the corrected height as a function of
avoidance threshold between these limiting values. For
all values between 300-700 µV, stable dual-tip SNOM
measurements are possible. We again attribute the slight
variation of the standard deviation of the height between
10-20 nm to fluctuations of the feedback loop during the
scanning.
IV. NEAR-FIELD EXCITATION AND DETECTION OF
SURFACE PLASMON POLARITONS
To show the capabilities of the automated dual-tip
SNOM, we have measured the propagation of SPPs on
gold thin film with a rough surface. To carry out the au-
tomated dual-tip SNOM measurements, a 200 nm thick
gold film was used. The film has a root mean squared
(RMS) roughness of 8 nm, measured by an AFM. To
excite SPPs in the visible spectral range, the gold film
was excited by a single-mode aperture fiber tip with 148
nm diameter at 633 nm wavelength. Such localized ex-
citation produces a dipole-like emission pattern for the
generated SPPs29. We have used a single-mode aperture
fiber with 160 nm aperture diameter to scan the sur-
face and detect the emission pattern of the dipole on the
rough gold film. Fig. 5(a) presents the mapped nor-
malized intensity of the SPPs at wavelength 633 nm,
which propagates along the fast axis of the scan range
due to excitation with a magnetic field polarized along
the slow axis. The acquisition time of the optical signal
was set to 5 ms/pixel. The dark counts of the detec-
tor (PerkinElmer SPCM-AQR) were subtracted from the
measured intensity before normalization. The zero coor-
dinates of the fast and slow axes indicate the center of
the excitation aperture, which is estimated based on the
aperture size and the width of the coating at the apex
using SEM image. The pink parabolic region on the left
is the avoidance area, which restricts the mapped inten-
sity to only one lobe of the radiation pattern. Fig. 5(b)
shows the result of numerically simulated SPPs intensity
at 633 nm on a gold film by incorporating the measured
RMS roughness as in the experiment. The numerical
simulations were carried out by using commercial soft-
ware based on the finite-difference time-domain method
(Lumerical Ltd.), considering the excitation as a mag-
netic dipole18 polarized along the slow axis with a dis-
tance of 10 nm above the sample. Considering previous
work, which had shown that the detection tip is more
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FIG. 5. (a) Measured radiation pattern of the SPPs on gold film at a wavelength of 633 nm. The zero points along the slow
and fast axes represent the center of the excitation tip. The pink parabolic region represents the avoidance area. Color scales
are normaized intensity with an arbitrary unit. (b) Simulated intensity of the transverse components of the magnetic field in
the plane of the gold film. The white dashed lines in (a,b) pass through the symmetry axes of the SPPs radiation patterns.
(c) Plot of the intensity line profiles corresponding to the dashed lines in (a,b). The measured line profile was fitted to the
function Ae−r/lsp/r, which is also shown. (d) Measured SPPs intensity at a wavelength of 1550 nm and (e) the corresponding
simulation result for the transverse magnetic field. (f) Plot of the intensity line profiles corresponding to the dashed lines in
(d,e) along with the function Ae−r/lsp/r fitted to the measured data in (d).
sensitive to the magnetic field,18 in Fig. 5(b) we have
plotted the simulated intensity of the transverse compo-
nents of the magnetic field, which agrees well with the
measurements. For the sake of intuitive comparison with
the measurements, the avoidance area in the simulation is
covered. To compare the measurement with the simula-
tion more precisely, the intensity line profiles correspond-
ing to the white dashed lines in (a) and (b) have been
plotted in Fig. 5(c). These white dashed lines denote
the symmetry axes of the SPPs radiation pattern. The
measurement data was fitted to the function Ae−r/lsp/r
in which lsp is the propagation length and r is the dis-
tance from the center of the aperture29. A propagation
length of lsp = 1.5 µm was calculated from the fit func-
tion, which due to the roughness is much shorter than
expected for ideal gold films30. Fig. 5(d) demonstrates a
similar measurement at the wavelength 1550 nm on the
same gold film. To our knowledge this is the first demon-
stration of a dual-tip SNOM measurement at infrared
wavelength. The excitation tip was a single-mode aper-
ture fiber tip with 300 nm aperture diameter and the
detection tip was a 500 nm multi-mode aperture fiber.
Once more, the average dark counts of the near-infrared
detector (id210, ID Quantique) were subtracted from the
mapped intensity before normalization. This time, the
input polarization along the fast axis leads to SPPs ra-
diating along the slow axis. Thus, both lobes of the SPP
radiation pattern could be measured. The missing cen-
tral part of the two lobes in this figure is due to the
avoidance region. Fig. 5(e) shows the result of the cor-
responding numerical simulation of the SPPs radiation
pattern, where the magnetic dipole excitation is oriented
along the fast axis. Again, the intensity of the trans-
verse components of the magnetic fields is plotted. The
intensity line profiles along the symmetry axis of the ra-
diation pattern, given by the dashed lines in Fig. 5(d,e)
have been plotted in Fig. 5(f) along one lobe of the ra-
diation pattern. To calculate the respective propagation
length the same function as before was fitted to the mea-
sured intensity line profile. In this case, a propagation
length of lsp = 3.5 µm was calculated, again shortened
by the surface roughness of the sample.
V. SUMMARY
We have developed a fully automated and robust dual-
tip SNOM to measure the localized near-field response of
nanophotonic structures. A reliable collision prevention
technique has been realized based on the shear-force in-
teraction between the two tips, which oscillate at different
resonance frequencies. This leads to a very stable system
which can operate in a wide range of the scan parameters,
which we have demonstrated experimentally. Finally, the
near-field characterization of propagating surface plas-
mon polaritons at visible and near-infrared wavelengths
was demonstrated experimentally with sub-wavelength
excitation and detection. These results establish dual-
tip SNOM as a fully functional tool for the investigation
of optical nanostructures.
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